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. I  

Reduct ion  of I n c e n d i v i t y  o f  Hot Gases t o  Methane and Coal Dust 

J. M. S i n g e r , l l  N. E.  Hanna,?l R. W. Van Dolah,?’ and J. Grumer i l  

Bureau o f  Mines, P i t t s b u r g h ,  Pennsylvania  

ABSTR4CT 

Hat gases  produced by  e x p l o s i v e s  a r e  known t o  c o n s t i t u t e  a p o s s i b l e  i g n i t i o n  
hazard  i n  c o a l  mines .  Exper iments  i n  t h e  l a r g e  tes t  g a l l e r y  of t h e  Bureau of Mines 
have  e s t a b l i s h e d  t h a t  sodium c h l o r i d e  r educes  t h e  i n c e n d i v i t y  o f  e x p l o s i v e s .  I n  
t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  e f f e c t  of sodium n i t r a t e  w a s  exp lo red .  T h i s  s tudy  
w a s  conducted i n  two p h a s e s .  G a l l e r y  expe r imen t s  showed t h a t  sodium n i t r a t e  
reduced t h e  i n c e n d i v i t y  o f  c e r t a i n  e x p l o s i v e s  t o  8 p e r c e n t  n a t u r a l  g a s  i n  a i r ,  bu t  
i n c r e a s e d  t h e i r  i n c e n d i v i t y  t o  c o a l  d u s t  p r e d i s p e r s e d  i n  a i r .  Labora to ry  exper iments  
u s i n g  h o t  j e t s  from e x p l o s i o n s  o f  s t o i c h i o m e t r i c  m i x t u r e s  o f  methane-oxygen-nitrogen 
showed t h a t  bo th  sodium c h l o r i d e  and sodium n i t r a t e  reduced t h e  i n c e n d i v i t y  t o  
methane, t o  m i x t u r e s  o f  c o a l  d u s t  and methane, and t o  c o a l  d u s t .  The d i f f e r e n c e  
between t h e  g a l l e r y  and l a b o r a t o r y  r e s u l t s  w i t h  r e s p e c t  t o  c o a l  d u s t  i s  a t t r i b u t e d  
to  t empera tu re - t ime  e f f e c t s .  I n  t h e  g a l l e r y  expe r imen t s ,  t h e  sodium n i t r a t e  
p robab ly  forms sodium o x i d e  which a f f e c t s  t h e  i n c e n d i v i t y  o f  t h e  hot  g a s e s .  I n  
t h e  hot  j e t  c a s e ,  i t  i s  p o s s i b l e  t h a t  t h e  n i t r a t e  i s  n o t  a s  comple te ly  decomposed 
and has  a d i f f e r e n t  e f f e c t  on i n c e n d i v i t y .  

INTRODUCTION 

The hot  g a s e s  produced by e x p l o s i v e s  c o n s t i t u t e  a p o s s i b l e  i g n i t i o n  hazard i n  
c o a l  i i i i i i r s .  

sodium n i t r a t e  and sodium c h l o r i d e .  Large s c a l e  g a l l e r y  exper iments  w ‘ t h  sodium 
c h l o r i d e  had conf i rmed t h a t  i t  reduces  t h e  i n c e n d i v i t y  o f  exp los ives ,Af  b u t  t h e  
e f f e c t  o f  sodium n i t r a t e  had n o t  been s y s t e m a t i c a l l y  e x p l o r e d .  A s  sodium n i t r a t e  i s  
a n  o x i d a n t ,  i t  was c o n c e i v a b l e  t h a t  i t  might  i n c r e a s e  t h e  i n c e n d i v i t y  o f  exp los ives  
to methane o r  c o a l  d u s t  d i s p e r s e d  i n  a i r .  On t h e  o t h e r  hand i t  might have an  
i n h i b i t i n g  a c t i o n  s i m i l a r  t o  t h a t  of sodium c h l o r i d e .  The p r e s e n t  s tudy  sought t o  
de t e rmine  whether sodium n i t r a t e  i n h i b i t s  o r  promotes t h e  i g n i t i o n  of mix tu res  of 
methane, c o a l  d u s t ,  o r  b o t h  w i t h  a i r .  

Coniponen~s o f  e x p i o s i v e s  known t o  a f f e c t  i n c e n d i v i t y  of e x p l o s i v e s  a r e  

’ 

f e e t  
c o a l  

I n  one phase  of t h i s  s t u d y ,  a n  i n v e s t i g a t i o n  was conducted i n  a g a l l e r y  6-1/3 , 
i n  d i a m e t e r ,  w i t h  a 20 f o o t  long s e c t i o n  f i l l e d  w i t h  8 p e r c e n t  n a t u r a l  g a s  o r  ‘ ‘ I  

d u s t  p r e d i s p e r s e d  i n  a i r .  C o n c e n t r a t i o n s  o f  c o a l  d u s t  i n  a i r  were about  300 
m g / l i t e r .  
h i g h e r  t h a n  t h e  l e a n  f l a m m a b i l i t y  l i m i t  o f  t h e  r e s p e c t i v e  f u e l .  Exp los ives  c o n t a i n i n g  
n a t u r a l  and s y n t h e t i c  sodium n i t r a t e  were f i r e d  i n  t h e  g a l l e r y  and t h e i r  i n c e n d i v i t y  

Th i s  and t h e  8 p e r c e n t  n a t u r a l  g a s  c o n c e n t r a t i o n  i n  a i r  a r e  bo th  much 
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was de termined  by t h e  Bureau ' s  s t a n d a r d  up-and-down method.51 Sodium n i t r a t e  
reduced t h e  i n c e n d i v i t y  t o  methane b u t  i n c r e a s e d  t h e  i n c e n d i v i t y  t o  c o a l  d u s t .  
Another  phase of  t h e  s t u d y  sought  t o  model g a l l e r y  c o n d i t i o n s  through small s c a l e  
l a b o r a t o r y  exper iments  i n  which t h e  i g n i t i o n  s o u r c e s  were small p u l s e d  h o t  g a s  je ts  
produced by e x p l o s i o n s  of  s t o i c h i o m e t r i c  m i x t u r e s  o f  methane-oxygen o r  such mixtures  
d i l u t e d  wi th  n i t r o g e n .  These s m a l l  j e t s  were " s a l t e d "  or n o t ,  so tha t  t h e  r e l a t i v e  
promoting o r  i n h i b i t i n g  e f f e c t  could  b e  de te rmined .  
t o  t h e s e  j e t s  when not  s a l t e d  were f u e l - l e a n  m i x t u r e s  o f  methane p l u s  c o a l  d u s t  
( h y b r i d  m i x t u r e s )  o r  c o a l  d u s t .  C o n c e n t r a t i o n s  o f  c o a l  d u s t  and methane i n  t h e  
h y b r i d  a i r  m i x t u r e s  were g e n e r a l l y  below c o n c e n t r a t i o n s  a t  t h e i r  l e a n  f lammabi l i ty  
l i m i t s .  
t h e  index  of  i n c e n d i v i t y .  It w a s  used t o  v a r y  t h e  tempera ture  o f  t h e  h o t  j e t  which 
i n c r e a s e d  a s  t h e  oxygen index  was i n c r e a s e d .  Temperatures  o f  t h e s e  je ts  a r e  noted 
i n  t a b l e  1 a l o n g  w i t h  o t h e r  c h a r a c t e r i s t i c s .  The a b i l i t y  o f  t h e  technique  t o  d e t e c t  
changes  i n  i n c e n d i v i t y  was confirmed by exper iments  w i t h  sodium c h l o r i d e .  
n i t r a t e  was found t o  reduce  t h e  i n c e n d i v i t y  o f  t h e  h o t  g a s e s  w i t h  r e s p e c t  t o  a l l  
t h r e e  of  t h e  f u e l  sys tems.  T h i s  e x p e r i m e n t a l  t e c h n i q u e  should  make i t  p o s s i b l e  t o  
survey  a l a r g e  number o f  i g n i t i o n  i n h i b i t o r s  t o  s e l e c t  t h e  materials which are most 
e f f e c t i v e  i n  r e d u c i n g  t h e  i g n i t i o n  hazard  of h o t  g a s e s  from d e t o n a t i n g  charges  i n  
c o a l  mines.  

The f u e l - a i r  m i x t u r e s  exposed 

The oxygen index  [oxygen/(oxygen + nit rogen)]  o f  t h e  i g n i t i o n  source  was 

Sodium 
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EXPERIMENTAL EQUIPMENT AND PROCEDURE 

G a l l e r v  E x p e r i n e n t s  

Equipment used i n  t h e s e  exper iments  were t h e  same a s  t h o s e  used  t o  e v a l u a t e  
t h e  p e r m i s s i b i l i t y  of  e x p l o s i v e s  a c c o r d i n g  t o  s c h e d u l e  l - H . L /  The f i r s t  experiment  
had a 2 x 3 f a c t o r i a l  d e s i g n  and w a s  conducted by f i r ' n g  from a stemmed cannon i n t o  
8 p e r c e n t  n a t u r a l  g a s - a i r  m i x t u r e s  ( g a l l e r y  test 7 ) . 7 j  I ts  purpose  was t o  compare 
t h e  s i x  e x p l o s i v e  f o r m u l a t i o n s  i n  t a b l e  2 ,  which are  based on t h e  composi t ion  of 
two d i f f e r e n t  p e r m i s s i b l e  e x p l o s i v e s  (A and B).  The samples  based on composi t ion  A 
c o n t a i n e d  about  4 p e r c e n t  sodium n i t r a t e ;  t h o s e  based on composi t ion  B conta ined  
10 p e r c e n t  sodium n i t r a t e .  Both s y n t h e t i c  (99.5% pure)  and n a t u r a l  (98.5% pure)  
sodium n i t r a t e  was u s e d ,  w i t h  t h e  n a t u r a l  i n  two r a n g e s  of p a r t i c l e  s i z e .  The 
a v e r a g e  p a r t i c l e  d i a m e t e r  of  t h e  c o a r s e  n a t u r a l ,  ground n a t u r a l ,  and s y n t h e t i c  
sodium n i t r a t e  was 1,170, 317, and 437 microns ,  r e s p e c t i v e l y .  Each of  t h e  s i x  
e x p l o s i v e s  was c a r r i e d  through t e up-and-down sequence,  v a r y i n g  t h e  weight of  
e x p l o s i v e  t o  o b t a i n  W5o v a l u e s . g 7  Ten p a i r s  o f  i g n i t i o n - n o n i g n i t i o n  r e s u l t s  were 
o b t a i n e d  i n  each up-and-down sequence.  

The second experiment  was a l s o  g i v e n  a 2 x 3 f a c t o r i a l  d e s i g n  t o  compare t h e  
i n c e n d i v i t y  of  t h e  same e x p l o s i v e s  t o  c o a l  d u s t  (300 m g / l i t e r )  p r e d i s p e r s e d  i n  a i r .  
The c o a l  d u s t  was of  P i t t s b u r g h  Seam c o a l ;  i t s  a v e r a g e  p a r t i c l e  d i a m e t e r  was 
80 microns  and t h e  proximate  a n a l y s i s  was 2.0 p e r c e n t  m o i s t u r e , 3 4 . 9  p e r c e n t  v o l a t i l e ,  
55.4 p e r c e n t  f i x e d  carbon,  and 7 . 6  p e r c e n t  a s h .  I n  t h i s  exper iment ,  5 .5  k i l o s  of  

- 6/  Hanna, N .  E . ,  P. A.  R ichardson ,  and R .  W. Van Dolah. An Improved Method f o r  
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E v a l u a t i n g  t h e  I n c e n d i v i t y  of Explos ives  t o  Coal  Dus t :  A P r e l i m i n a r y  Repor t .  
R e s t r i c t e d  I n t e r n a t i o n a l  Conference of  D i r e c t o r s  of  S a f e t y  i n  Mines Research,  
S h e f f i e l d ,  England, 1965, Paper  No.  12.  

- 7 /  F e d e r a l  R e g i s t e r ,  March 1, 1961, v .  26,  No. 39. T i t l e  30 - Minera l  Resources ,  

8 /  

Schedule  1 - H ,  p .  1761. I 

W50 i s  weight  of  e x p l o s i v e  producing  50 p e r c e n t  p r o b a b i l i t y  o f  i g n i t i n g  a 
n a t u r a l  e a s - a i r  a tmosohere : Wcn v a l u e s  i n c r e a s e  a s  i n c e n d i v i t v  d e c r e a s e s .  
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c o a l  d u s t  was d i s p e r s e d  i n  t h e  f i r s t  s e c t i o n  of  t h e  g a l l e r y  1 / 2  s e c o n i  b e f o r e  f i r i n g  
a n  e x p l o s i v e  c h a r g e  suspended i n  t h e  c e n t e r  o f  t h i s  s e c t i o n  which was i s o l a t e d  from 
t h e  r e s t  o f  t h e  g a l l e r y  b y  a paper  diaphragm. The c o a l  d u s t  was spread  e v e n l y  over  a 
l e n g t h  of  30-gra in  p e r  foot d e t o n a t i n g  c o r d  l a i d  i n  a 20-foot  long  s t e e l  Vee trough 
made from 6-inch by 6 - i n c h  a n g l e  and mounted 7 i n c h e s  above t h e  g a l l e r y  f l o  . t h e  
d e t o n a t i o n  of t h e  c o r d  d i s p e r s e s  t h e  d u s t .  With t h i s  test  ar ransement ,  W,-$kere 
de te rmined ,  a g a i n  u s i n g  up-and-down technique .  

LABORATORY EXPERIMENTS 
I 

The e f f e c t  o f  sodium n i t r a t e  on  i n c e n d i v i t y  of h o t  g a s  j e t s  was i n v e s t i g a t e d  
u s i n g  m i x t u r e s  i n  a i r  of  methane,  c o a l  d u s t ,  o r  h y b r i d  m i x t u r e s  o f  t h e  two a s  the  
a c c e p t o r  charge .  The c o a l  d u s t  was an u l t r a f i n e  g r i n d  (83 .5  p e r c e n t  less t h a n  
17 microns)  of P i t t s b u r g h  Seam, Mathies  mine c o a l .  The e l e m e n t a l  composi t ion  i n  
p e r c e n t  by weight  was : H2 = 5.3, C = 78.9,  02 = 8.0 ,  N2 = 1 . 6 ,  S = 1.3 ,  and a s h  = 4.9.  
The proximate  a n a l y s i s  i n  p e r c e n t  by weight  w a s :  Mois ture ,  0 .7 ;  v o l a t i l e  matter, 
37.0;  f i x e d  carbon,  57 .5 ;  and a s h ,  4.8. A l l  g a s e s  were o b t a i n e d  i n  c y l i n d e r s  and were 
c h e m i c a l l y  pure  g r a d e  e x c e p t  f o r  a i r .  Sodium c h l o r i d e  and sodium n i t r a t e  of chemica l ly  
pure  g r a d e  were ground t o  minus 20 micron P a r t i c l e  s i z e .  

have been d e s c r i b e d  ea r l i e r .b /  The e x p l o s i o n  v e s s e l  c o n s i s t s  of two chambers, one I 
The h o t  gas  i g n i t i o n  ap  a r a t u s  ( f i g u r e  1) and c o a l  d u s t  d i s p e r s e r  ( f i g u r e  2)  

F i g u r e  1. - Hot Gas I g n i t i o n  Appara tus .  

F i g u r e  2 .  - Coal Dust D i s p e r s e r .  

p a r t i a l l y  w i t h i n  t h e  o t h e r  ( f i g u r e  1 ) .  The s m a l l  chamber A (76  c c )  was capped and 
, communicated w i t h  t h e  l a r g e  chamber B ( 2 . 1  l i t e r s )  through a s t r a i g h t  c h a n n e l ,  0.5 cm 

i n  d i a m e t e r  and 1.0 cm l o n g .  A f t e r  purg ing  and f i l l i n g  chamber A with a s t o i c h i o m e t r i c  
methane-oxygen-ni t rogen m i x t u r e ,  t h e  cap was removed and t h e  c o n t e n t s  were spark-  
i g n i t e d  near  t h e  c h a n n e l  opening .  The e x p l o s i o n  p r o d u c t s  v e n t e d  through t h e  channel  
i n t o  t h e  flammable m i x t u r e  i n  chamber B.  These j e t s  d i f f e r e d  i n  tempera tures  as  shown 
i n  t a b l e  1, both by t h e i r  c a l c u l a t e d  t h e o r e t i c a l  t e m p e r a t u r e s  assuming a d i a b a t i c  
combust ion,  and by measured tempera tures  u s i n g  t h e  sodium D l i n e  r e v e r s a l  t echnique .  Natr 
g a s  used i n  these e x p e r i m e n t s  c o n t a i n e d  about  9 1  p e r c e n t  methane and 6 p e r c e n t  e t h a n e .  
Chamber B was equipped w i t h  t o p  p l a t e s  having  a n  a r r a y  o f  s m a l l  v e n t i n g  h o l e s ,  a 
blowout p r e s s u r e  r e l e a s e  d iaphragm a t  t h e  s i d e w a l l ,  and viewing windows. 
f a c e  of  t h e  diaphragm was i n e r t e d  with n i t r o g e n  t o  e l i m i n a t e  s p u r i o u s  l u m i n o s i t y  due 
to  secondary  combust ion i n  sur rounding  a i r  of t h e  h o t ,  p a r t i a l l y  burned explos ion  
p r o d u c t s .  The premixed c o a l  dus t -methane-a i r  m i x t u r e  t o  be i g n i t e d  flowed through 
chamber B a t  a p p r o x i m a t e l y  140 c c / s e c ,  g i v i n g  a c o n s t a n t  a v e r a g e  l i n e a r  upward speed 
of 2.2 cm/sec.  

The o u t e r  

I n  d e t e r m i n i n g  a n  i g n i t i o n  l i m i t ,  t h e  c o a l  d u s t  c o n c e n t r a t i o n  was h e l d  c o n s t a n t  
and t h e  methane c o n c e n t r a t i o n  was i n c r e a s e d  u n t i l  i g n i t i o n  o c c u r r e d .  The s a l t  being 
i n v e s t i g a t e d  f o r  i t s , i n h i b i t i n g  o r  promoting a c t i o n  w a s  added t o  chamber A p r i o r  to 
s p a r k  i g n i t i o n  by m e c h a n i c a l l y  v i b r a t i n g  t h e  d u s t e r  ( f i g u r e  1, view C)  t h a t  had 
p r e v i o u s l y  been f i l l e d  w i t h  t h e  r e q u i s i t e  amount of  a d d i t i v e .  Amounts placed i n  

- 9 /  WCD i s  t h e  weight  of  e x p l o s i v e  producing 50 p e r c e n t  p r o b a b i l i t y  of  i g n i t i n g  a 
c o a l  d u s t  a tmosphere .  WCD v a l u e s  i n c r e a s e  a s  i n c e n d i v i t y  d e c r e a s e s .  

- l o /  S i n g e r ,  J .  M .  I g n i t i o n  of  Mixtures  of Coal D u s t ,  Methane and A i r  by Hot Laminar 
Ni t rogen  Jets.  Ninth I n t e r n a t i o n a l  Symposium on Combustion, 1969, Academic 
P r e s s ,  I n c . ,  New York,  N .  Y . ,  pp. 407-414.’ 
S i n g e r ,  J. M. I g n i t i o n  o f  Coal  Dust-Methane-Air Mixtures  by Hot Turbulent  Gas. 
BuMines Rept .  o f  I n v .  6369, 1964, 2 4  pp. 
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chamber A a r e  s t a t e d  i n  f i g u r e  3 .  The a c t u a l  amount o f  a d d i t i v e  e n t r a i n e d  by t h e  

F i g u r e  3 .  - E f f e c t s  of sodium s a l t s  on i n c e n d i v i t y  of  h o t  j e t s  t o  methane-coal  d u s t -  
a i r  m i x t u r e s .  

ho t  j e t  i s  n o t  known. 
was t h e  luminos i ty  o b s e r v e d  throughout  B,  and t h e  s imul taneous  luminous flame shoot ing  
o u t  o f  t h e  r u p t u r e d  p r e s s u r e  r e l e a s e  diaphragm. 
p o i n t  showed t h a t  methane- in-a i r  c o n c e n t r a t i o n s  were r e p r o d u c i b l e  t o  0 .15  percentage  
u n i t s ,  oxygen i n d i c e s  t o  w i t h i n  0.02 u n i t s  and c o a l  d u s t  c o n c e n t r a t i o n s  t o  w i t h i n  20 
p e r c e n t .  Coal d u s t  c o n c e n t r a t i o n s  were de termined  on s e p a r a t e  r u n s  by f i l t e r i n g  t h e  
e n t i r e  mixture  a t  d i f f e r e n t  l e v e l s  of  chamber B through a 4 c m  d iameter  glass-wool  
S a r t r i d g e  and weighing a f t e r  a s e l e c t e d  t i m e  i n t e r v a l .  L o c a l  c o n c e n t r a t i o n s  of  d u s t  
were determined by f i l t e r i n g  through a paper  e x t r a c t i o n  t h i m b l e  on a 1.0 cm diameter  
i s o - k i n e t i c  sampling p r o b e .  
of  chamber B were c o n s t a n t  t o  w i t h i n  20 p e r c e n t .  C o n c e n t r a t i o n s  of f u e l  i n  chamber B 
At t h e  i g n i t i o n  l i m i t  are termed "lower i g n i t i o n  l i m i t s " ,  and cor respond t o  lower 
k l a m a b i l i t y  l i m i t s ,  e x c e p t  t h a t  i g n i t i o n  l i m i t s  a r e  dependent  on a p p a r a t u s  f a c t o r s .  

The c r i t e r i a  of i g n i t i o n  a f t e r  t h e  h o t  j e t  e n t e r e d  chamber B 

D u p l i c a t e  r u n s  made a t  each  i g n i t i o n  

1 
Local  c o n c e n t r a t i o n s  of d u s t  a t  v a r i o u s  h e i g h t s  and r a d i i  

The c o a l  d u s t  d i s p e r s e r  i n  f i g u r e  2 was c o n t i n u o u s l y  fed  by a n  e n d l e s s  beaded- 
c h a i n  c a r r i e r  t h a t  removed d u s t  from t h e  hopper  a t  a r a t e  de te rmined  by i t s  r o t a t i o n  
speed .  Methane was added through an i n l e t  to  t h e  d u s t  d i s p e r s e r .  
could  be added through t h e  a i r  j e t s ;  t h e  b a l a n c e  was added through d u c t  L. Hypodermic 
n e e d l e s ,  d u s t  c a r r i e r  t u b e s ,  and chamber B were c o n t i n u o u s l y  v i b r a t e d  t o  f a c i l i t a t e  
d u s t  movement and t o  p r e v e n t  d u s t  d e p o s i t i o n .  

Not a l l  o f  t h e  a i r  

The W50 v a l u e s  o b t a i n e d  for  t h e  s i x  samples  a r e  g i v e n  i n  t a b l e  2 .  The v a l u e s  
f o r  t h e  t h r e e  e x p l o s i v e s  c o n t a i n i n g  t h e  l o w  p e r c e n t a g e  of  sodium n i t r a t e  v a r i e d  from 
590 t o  615 grams; and t h e  v a l u e s  o f  the  t h r e e  h i g h  sodium n i t r a t e  e x p l o s i v e s  v a r i e d  
from 650 t o  670 grams.  A s t a t i s t i c a l  a n a l y s i s  of  t h e s e  d a t a  showed t h a t  t h e  type and 
f i n e n e s s  of the  sodium n i t r a t e  had no s i g n i f i c a n t  e f f e c t  on t h e  i n c e n d i v i t y  of t h e  
e x p l o s i v e s  t o  n a t u r a l  g a s  a i r  m i x t u r e s .  However, the  samples  w i t h  t h e  h i g h  sodium 
n i t r a t e  c o n t e n t  were c o n s i s t e n t l y  less  i n c e n d i v e  than  t h o s e  w i t h  l o w  sodium n i t r a t e  
c o n c e n t r a t  i o n s .  

The WCD v a l u e s  f o r  t h e  low sodium n i t r a t e  e x p l o s i v e s  ( a )  f o r m u l a t i o n  v a r i e d  
from 290 t o  490 grams;  t h e  WcD v a l u e s  f o r  t h e  h i g h  sodium n i t r a t e  e x p l o s i v e s  (b)  formu- 
l a t i o n s  v a r i e d  from 80 t o  9 0  grams. A s  i n  t h e  p r e v i o u s  exper iment  t h e  type  and f i n e n e s s  
o f  t h e  sodium n i t r a t e  d o e s  n o t  a p p e a r  t o  have any s i g n i f i c a n t  e f f e c t  on t h e  i n c e n d i v i t y  
t o  c o a l  d u s t .  The 1 0  p e r c e n t  sodium n i t r a t e  e x p l o s i v e s  were more i n c e n d i v e  i n  c o a l  
d u s t - a i r  a tmospheres  t h a n  t h e  4 p e r c e n t  sodium n i t r a t e  e x p l o s i v e s .  The r e v e r s e  was 
t h e  c a s e  f o r  n a t u r a l  g a s - a i r ,  b u t  d i f f e r e n c e s  were much s m a l l e r .  

The c o n c e n t r a t i o n  of o t h e r  c o n s t i t u e n t s  of  t h e  e x p l o s i v e s  were changed; n i t r o -  
g l y c e r i n  i n c r e a s e d  about  1 7  p e r c e n t  between A end B f o r m u l a t i o n s ,  ammonium n i t r a t e  
d e c r e a s e d  by 18 p e r c e n t ,  sodium c h l o r i d e  i n c r e a s e d  by 10 p e r c e n t  and t h e  combust ible  
carbonaceous  m a t t e r  i n c r e a s e d  by 19 p e r c e n t .  
g r e a t e r ,  being about  155  p e r c e n t .  The n e t  r e s u l t  of t h e s e  changes i n  chemical  com- 
p o s i t i o n  i s  t h a t  t h e  oxygen b a l a n c e  i s  m3re n e g a t i v e  f o r  t h e  B f o r m u l a t i o n s  than f o r  
t h e  A group o f  e x p l o s i v e s .  (The oxygen b a l a n c e  i s  t h e  d e f i c i e n c y  o r  e x c e s s  of  oxygen 
r e q u i r e d  f o r  s t o i c h i o s e t r i c  e x p l o s i o n ,  i n  u n i t s  of grams of  oxygen p e r  100 grams of  
e x p l o s i v e . )  
i n  sodium n i t r a t e  c o n c e n t r a t i o n  w i l l  be d i s c u s s e d  l a t e r .  

The sodium n i t r a t e  i n c r e a s e  was much 

Problems of i n t e r p r e t a t i o n  due t o  changes  i n  c o m p o s i t i o n l o t h e r  than changes 
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Figure 3 .  - Effects  of Sodium S a l t s  on Incendivity of H s t  Jets  to  Methane- 
Coal Dust-Air Mixtures. 
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\ 



L a b o r a t o r y  Experiments  

Lower i g n i t i o n  l i m i t s  w i t h  and w i t h o u t  sodium n i t r a t e  i n  t h e  h o t  g a s  j e t  which 
s e r v e d  a s  a n  i g n i t i o n  s o u r c e  are  shown i n  f i g u r e  3 ;  no i g n i t i o n  i s  o b t a i n a b l e  t o  t h e  
l e f t  o f  any c u r v e  w i t h  t h e  j e t  used .  Each je t  i s  c h a r a c t e r i z e d  by i t s  oxygen index.  
The f u e l - a i r  m i x t u r e s  s u b j e c t e d  to  t h e s e  j e t s  r ange  from methane -a i r  ( l e a n  l i m i t  of 
f l a m m a b i l i t y  f o r  methane,  35 mz / l i t e r )  t o  h y b r i d  m i x t u r e s  o f  methane-coal  d u s t - a i r  t o  
c o a l  d u s t - a i r  m i x t u r e s  ( s t o i c h i o m e t r i c  c o n c e n t r a t i o n  o f  c o a l  d u s t  u sed ,  109 m g / l i t e r ) .  
A s  t h e  i n c e n d i v i t y  o f  t h e  hot j e t  i s  d e c r e a s e d  by d e c r e a s i n g  t h e  oxygen index  o r  adding 
sodium s a l t s ,  t h e  lower i g n i t i o n  l i m i t s  a r e  d i s p l a c e d  upward f o r  c o n s t a n t  methan. 
c o n c e n t r a t i o n  and t o  t h e  r i g h t  f o r  c o n s t a n t  c o a l  d u s t  c o n c e n t r a t i o n .  T a b l e  3 g i v e s  
t h e  r e d u c t i o n  i n  i n c e n d i v i t y  a s  measured by a n  i n c r e a s e  i n  oxygen i n d e x  o f  t h e  j e t  
r e q u i r e d  t o  i g n i t e  a g i v e n  f u e l  m i x t u r e ;  t h e  compos i t ion  o f  t h e  f u e l  m i x t u r e  i s  g i v e n  
i n  terms o f  c o n c e n t r a t i o n s  o f  methane and c o a l  d u s t .  T a b l e  4 summarizes i n  a n o t h e r  
way, t h e  chanae i n  i n c e n d i v i t y  due  t o  t h e  sodium s a l t s .  As the  i n c e n d i v i t y  o f  t h e  
j e t  d e c r e a s e s  due  t o  t h e  s a l t s  (comparisons f o r  c o n s t a n t  oxygen i n d e x  and c o a l  
c o n c e n t r a t i o n s )  more methane must be  added t o  t h e  f u e l  m i x t u r e  t o  keep i t  i g n i t i b l e .  
The i n c r e a s e  i n  methane i s  i n d i c a t e d  i n  t a b l e  4 by t h e  i n c r e a s e  i n  t o t a l  f u e l  
con c e n t r a  t i o n  . 

The d a t a  f o r  sodium c h l o r i d e  shows t h a t  t h e  h o t  j e t  t e c h n i q u e - i s  c a p a b l e  of  
d e m o n s t r a t i n g  t h e  known e f f e c t i v e n e s s  of sodium c h l o r i d e  i n  r educ ing  incend iv i ty .A/  
The d a t a  f o r  sodium n i t r a t e  p a r a l l e l  t h e  t r e n d  o f  t h e  sodium c h l o r i d e  d a t a ,  bu t  a t  
a lesser l e v e l  o f  e f f e c t i v e n e s s .  Both s a l t s  r educe  i n c e n d i v i t y  o f  t h e  h o t  j e t  toward 
methane,  a hybr id  m i x t u r e  o f  methane and c o a l  d u s t  o r  c o a l  d u s t  on ly .  T h i s  r e s u l t  
was n o t  t h e  c a s e  i n  t h e  g a l l e r y  expe r imen t s  i n  which sodium c h l o r i d e  reduced i n c e n d i v i t y  
t o  g a s  and t o  c o a l  d u s t ,  b u t  sodium n i t r a t e  o n l y  reduced i n c e n d i v i t y  t o  g a s  wh i l e  
i n c r e a s i n g  i n c e n d i v i t y  t o  c o a l  d u s t .  

I t  i s  d i f f i c u l t ,  w i thDut  f u r t h e r  i n v e s t i g a t i o n ,  t o  p i n p o i n t  t h e  r e a s o n  f o r  t h e  
d i f f e r e n c e  i n  t h e  two se t s  of r e s u l t s .  The g a l l e r y  d e t e r m i n a t i o n s  were done w i t h  
c o a l  d u s t  c o n c e n t r a t i o n s  o f  300 r n g / l i t e r  i n  a i r ,  and t h e  a v e r a g e  p a r t i c l e  d i ame te r  o f  
t h e  c o a l  d u s t  was 80 m i c r o n s .  
a much f i n e r  g r i n d ;  c o n c e n t r a t i o n s  used were below 80 m g / l i t e r .  I t  i s  n o t  known whether 
t h e s e  d i f f e r e n c e s  would l e a d  t o  any s p e c i f i c  chemical  e f f e c t  between c o a l  d u s t  and 
sodium n i t r a t e .  The re  a r e  a l s o  d i f f e r e n c e s  between t h e  t w o  se ts  of f o r m u l a t i o n s  of  
t h e  e x p l o s i v e s  ( t a b l e  2 ) .  The o v e r a l l  changes i n  s t o i c h i o m e t r y  between fo rmula t ions  
A and B r e s u l t e d  i n  more c o m b u s t i b l e  m a t e r i a l s  b e i n g  p r e s e n t  i n  t h e  prod,ucts  o f  exp los ion i  
o f  t h e  B fo rmula t ion  t h a n  i n  t h o s e  of t h e  o t h e r .  Perhaps secondary bu rn ing  i n  a i r  
may have c o n t r i b u t e d  t o  t h e  g r e a t e r  i n c e n d i v i t y  o f  t h e  B f o r m u l a t i o n s ,  r a t h e r  than t h e  
g r e a t e r  c o n c e n t r a t i o n  o f  sodium n i t r a t e .  However, a f t e r b u r n i n g  o f  t h e  r i c h e r  f u e l  
c o n c e n t r a t i o n  i n  t h e  e x p l o s i o n  p r o d u c t s  shou ld  i n c r e a s e  i n c e n d i v i t y  t o  n a t u r a l  gas  a s  
w e l l  a s  t o  c o a l  d u s t  u n l e s s  t h e  i g n i t i b i l i t y  o f  c o a l  d u s t  i s  f a r  more dependent  than 
g a s  on t h e  t empera tu re  o f  ' t hc  i g n i t i o n  s o u r c e . g /  

The c o a l  d u s t  used i n  t h e  h o t  j e t  d e t e r m i n a t i o n s  was o f  1' 

, 

The s t r i k i n g  d i f f e r c n z c  i n  t h e  t w o  e x p e r i m e n t s  may be due  t o  t h e  c o n d i t i o n  o f  t h e  
sodium n i t r a t e  when t h e  h o t  g a s e s  a r e  i n j e c t e d  i n t o  t h e  f u e l - a i r  m i x t u r e .  I n  the  c a s e  
o f  t h e  g a l l e r y  e x p e r i m e n t s ,  t h e  n i t r a t e  may be comple t e ly  r e a c t e d  w i t h  f u e l  me te r i a l s  
i n  t h e  d e t o n a t i o n  f r o n t  or s h o r t l y  t h e r e a f t e r .  A u s u a l l y  assumed p roduc t  o f  i t s  r e a c t i o n )  
i s  sodium ox ide .  In t h e  h o t  j e t  expe r imen t  i t  i s  p o s s i b l e  t h a t  less sodium oxide is  
formed i n  t h c  t ime a v a i l a b l e .  
e i t h e r  from sodium L,hloride o r  sodium n i t r a t e  i n  t h 2  d e t o n a t i o n  g a s e s  may be  a s p e c i f i c  
i n h i b i t o r  f o r  t h e  i g n i t i o n  o f  methane,  and t h a t  sodium o x i d e  may have a s p e c i f i c  i g n i t i o n  
promoting mcchanism f o r  c o a l  d u s t .  I n  t h c  ho t  j e t  c a s c , '  sodium c h l o r i d e  and sodium 
n i t r a t e  may p lay  r s s e n t i a l l y  equa l  r o l e s .  

Thus t h e  p o s s i b i l i t y  e x i s t s  t h a t  sodium compounds d e r i v e d  
,, 

- 111 S i n g e r ,  J .  M .  and J. Grumer.  Equ iva lences  o f  Coal Dust and Methane a t  t h e  L 3 w e r  
I g n i t i o n  L i m i t s  o f  T h e i r  Mix tu res .  
D i r e c t o r s  o f  S a f e t y  i n  !lincs Kcbscarch, S h e f f i e l d ,  England, 1965, Papcr  13, 2 2  PP. 
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Table 3.  - I n c e n d i v i t y  of h o t  g a s  j e t s : '  minimum oxygen i n d i c e s  of 

j e t s  r e q u i r e d  t o  i g n i t e  c o a l  dus t -me thane -a i r  m i x t u r e s .  

I Fuel  
1: Composi t ions A d d i t i v e s  i n  i g n i t i o n  jet&/ . 

Zoal d u s t  Methane 
Foncentra-  Concen- No a d d i -  0 . 1  gm 0.1 gm 0.05 gm 0.05 gm 0.025 gm 0.025 gm 
t i o n ,  t r a  t i o n ,  t i v e  NaCl NaNO3 NaCl NaNO3 , NaCl NaNO3 
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I 83 
The e f f e c t  o f  a d d i t i v e s  on i g n i t i o n  h a s  been examined r e c e n t l y  by se 

The exper iments  of  S i n g e r  u s i n g  h o t  laminar  n i t r o g e n  j e t s y : n d  h o t  i n v e s t i g a t o r s  
pu lsed  jet&] a s  i g n i t i o n  s o u r c e s  i n d i c a t e d  t h a t  (1) gaseous  i n h i b i t o r s  were more 
e f f e c t i v e  when added t o  h o t  laminar  n i t r o g e n  je ts  t h a n  t o  t h e  f u e l  m i x t u r e s  t o  be 
i g n i t e d ,  and ( 2 )  i n h i b i t o r s  suppressed  i g n i t i o n  by h o t  pu lsed  t u r b u l e n t  j e t s  less 
e f f i c i e n t l y  t h a n  i g n i t i o n  by hot  cont inuous  laminar  jets. In i g n i t i o n  by h o t  p u l s e d  
t u r b u l e n t  j e t s ,  h i g h e r  t e m p e r a t u r e s  and h i g h  rates o f  h e a t  and mass t r a n s f e r  to  t h e  
d u s t  m i x t u r e s  n u l l i f i e d  t h e  e f f e c t  of t h e  v o l a t i l e  i n h i b i t o r s .  In h o t  cont inuous  
laminar  j e t s ,  t h e  same compounds were powerful  i g n i t i o n  s u p p r e s s o r s ,  a p p a r e n t l y  
because they i n h i b i t e d  s low chemica l  r e a c t i o n s  coupled t o  t h e  s low d i f f u s i o n  o f  
oxygen and f u e l  i n t o  t h e  s lower  moving h o t  g a s e s .  

Most of t h e  work r e p o r t e d  by o t h e r  i n v e s t i g a t o r & /  c o n c e r n s  s u p p r e s s i o n  o f  f lames  
o f  g a s  m i x t u r e s  by well-known i n h i b i t o r s  such a s  ha logenated  hydrocarbons  and a l k a l i  
m e t a l  compounds. Flame i n h i b i t i o n  mechanisms sugges ted  f o r  g a s  m i x t u r e s  u s u a l l y  r e l a t e  
t h e  c o n d i t i o n  t h a t  c h a i n  branching  of t h e  a c t i v e  s p e c i e s  w i l l  e q u a l  c h a i n  b r e a k i n g  in 
f lames  o f  m i x t u r e s  w i t h  a minimum (or  z e r o )  f lame v e l o c i t y  o r  i n  f lames  a t  t h e  upper  
and lower f lammabi l i ty  l i m i t s .  Dust  i n h i b i t o r s  a r e  presumed t o  a c t  e i t h e r  a s  c o o l a n t s  
o r  a s  chemical  i n h i b i t o r s  a t t a c k i n g  f r e e  r a d i c a l s  r e s p o n s i b l e  f o r  c h a i n  r e a c t i o n .  One 
e x p l a n a t i o n  i s  t h a t  t h e  e f f i c i e n c y  of  a chemical  i n h i b i t o r  i s  r e l a t e d  t o  t h e  e a s e  o f  
removal of a f r e e  v a l e n c e  e l e c t r o n  5y a c o l l i d i n g  r a d i c a l .  Sodium n i t r a t e  and sodium 
c h l o r i d e  a r e  c l a s s e d  a s  b o t h  thermal  and chemical  i n h i b i t o r s .  
- 1 2 /  
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U n i v e r s i t y  of  Louvian,  F i n a l  T e c h n i c a l  Repor t  on C o n t r a c t  

CONCLUSIONS 

1. The i n c e n d i v i t y  t o  methane 3r n a t u r a l  g a s - a i r  m i x t u r e s  was reduced by t h e  presence  
of sodium n i t r a t e  in e x p l o s i v e s  or  i n  hot  j e t s  from methane-oxygen-ni t rogen e x p l o s i o n s .  

2 .  The i n c e n d i v i t y  t o  methane-coal  d u s t - a i r  m i x t u r e s  was reduced by sodium n i c r a t e  
i n  t h e  h o t  j e t s .  

3 .  T h e  i n c e n d i v i t y  t o  c o a l  d u s t  was i n c r e a s e d  by s o d i u n  n i t r a t e  i n  e x p l o s i v e s  and 
d e c r e a s e d  by sodium n i t r a t e  i n  t h e  hot j e t s .  


